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ABSTRACT

Since 1997, using existing ASTM standards for weathering
of materials, we have been conducting a solar weathering pro-
gram on a group of six different types of photovoltaic (PV)
modules.  The methods used include real-time outdoor, accel-
erated outdoor, and accelerated indoor weathering.  We have
employed the technique specified in these standards that quan-
tifies exposure totals by the time integral of the ultraviolet (UV)
irradiance.  In this paper, we report the observed degradation
in the test modules as a function of total UV exposure, and
give a number of recommendations for future weathering tests
that resulted from our first attempt at a formal test program.

1. Introduction
Real-time and accelerated weathering of materials, particu-

larly paints and plastics, are well-established practices that have
been codified as ASTM standards [1-4].  Later, another ASTM
standard [5] was developed specifically for PV modules.  All
of these standards quantify the total exposure by the UV irra-
diance, integrated over time.  The purpose of this work was to
perform controlled weathering of PV modules using these stan-
dard practices.  Results of this weathering program were to
include not only any degradation of the test modules, but also
general recommendations and pitfalls to avoid in the future.

2. Test Program Design
A number of test systems are available at the NREL Out-

door Test Facility for light exposure of PV modules.  Latitude-
tilt (40∞) equator-facing racks are used for real-time outdoor
exposure, and a two-axis solar tracker called the Outdoor Ac-
celerated-weathering Tracking System (OATS) can expose
modules both with and without mirror concentration.  The
OATS mirrors provide a maximum of approximately 3¥ con-
centration.  Indoors, an Atlas XR-260 Weatherometer has four
4-kW Xe arc lamps inside a large environmental chamber, and
another chamber has a row of 48 fluorescent UV lamps of the
“A” range (UVA-340).  Although E 1596 [5] does not allow
fluorescent UV exposure, these lamps are widely used in the
PV industry and are also allowed for the short-duration UV
conditioning test specified in the IEEE module qualification
sequence [6].  It was therefore decided to include UVA expo-
sure in this weathering experiment.  Both of the indoor expo-
sure systems provide temperature control.  Cooling fans on
the OATS 3¥ are used to prevent very high (>75∞C) module
temperatures under concentration.

Because the test planes in the accelerated exposure systems
are only about 1.5 m by 2 m in area, full-size modules could
not be exposed without limiting the total number of test mod-
ules.  We therefore decided to test smaller, commercially avail-

able modules in the 5-20 W output power range.  Six different
models from three manufacturers were purchased in 1995, with
two types of single-crystal Si, two types of polycrystalline Si,
and two types of a-Si modules.  One set of six modules was
retained as a control, for a total of 36 modules.  The PV weath-
ering standard does not specify a loading condition, so we ar-
bitrarily decided to operate all the test modules with resistive
loads equivalent to their maximum power points under stan-
dard test conditions.

For the weathering exposure limit, reference [4] specifies
2000 MJ/m2 of wavelengths shorter than 385 nm, and we de-
cided to use this value as the limit for our tests.  Real-time
exposure in Golden, CO, results in an average of about 270 MJ/
m2 per year, so this limit represents about 7.5 years outdoors
at our location.

3. Irradiance and Temperature Limits
UV irradiances were measured with Eppley TUVR radiom-

eters, which have nearly zero reponsivity to wavelengths
greater than 385 nm.  This wavelength cutoff is also how
E 1596 [5] defines UV for the purposes of total exposure mea-
surements.  However, the UV conditioning test in IEEE 1262
[6] specifies 400 nm, so we decided to use this definition in-
stead (although the total exposure limit was not adjusted ac-
cordingly).  The exposure methods we used have different spec-
tral irradiance distributions, which must be accounted for in
total exposure measurements.  The ratios of integrated UV ir-
radiance up to 400 nm to integrated UV below 385 nm are 1.37,
1.04, and 1.26 for the XR-260, UVA-340, and outdoors, re-
spectively.  For outdoor measurements, the 1.26 ratio is an
approximation for our location and is based on a number of
spectral measurements made at various times throughout the
year.  Because of this factor, 2000 MJ/m2 of UV less than
400 nm requires about 5.9 years outdoors.  All radiometers were
calibrated according to ASTM G 130 [7].

Table 1 lists maximum total and UV irradiances, and module
temperatures encountered during exposure testing.

Exposure Total Irrad. UV Irrad. Module Temp.
(W/m2) (W/m2) (∞C)

Real-time 1100 70 (not measured)
OATS 1¥ 1200 75 45-55
OATS 3¥ 3500 110 45-75
XR-260 2000 50 45-60

UVA-340 40 40 50-65

Table 1.  Maximum total irradiances, UV (less than 400 nm)
irradiances, and back-of-module temperatures for each of the

five weathering methods used for this study.



4. Results
The solar weathering program began in Sept. 1997, and Figs.

1–3 show changes in module maximum power as a function
of total exposure for three of the six module types.  All the
crystalline Si types showed an initial degradation of 2%–3%.

For the polycrystalline Si module type in Fig. 1, the real-
time data show large swings in performance.  We determined
these were caused by corrosion of contacts external to the
modules that were used for both the resistive loading and for
current-voltage curves.  Replacement of these contacts restored
the output, as seen by the 1000 MJ/m2 data point.

Figs. 1-3.  Normalized module maximum power, measured
with a Spire 240A solar simulator, versus total UV exposure
dose (MJ/m2), for three of the six module types in this study.

Note that the control modules were not exposed.

The average degradation observed for single-crystal Si in
Fig. 2 is 3.03% per 1000 MJ/m2, which translates to 1.03%
per year for our location (0.00303 ¥ 270 ¥ 1.26).  In the XR-
260 and UVA-340 cases, this module type developed visible
browning at the four corners and along the edges.

In Fig. 3, the well-known initial Staebler-Wronski a-Si deg-
radation can be seen.  Aside from this, the only degradation
observable is perhaps the XR-260 data.  The levels in Fig. 3
can be explained in terms of the total (not the UV) irradiance
and temperature.  Because the indoor accelerated methods keep
the module temperatures nearly constant, a-Si photon degra-
dation is partly annealed and these modules show smaller losses
compared with the outdoor methods, in which modules peri-
odically operate in cold temperatures during winter.

5. Conclusions and Recommendations
Using well-established solar weathering methods with UV

radiometry appears to be a good choice for quantifying accel-
erated and real-time exposure of PV modules.  We have ob-
tained a degradation rate that is identical to the commonly re-
ported rule of thumb for crystalline Si modules, 1% per year.
Because the UV irradiance for two-axis tracking without mir-
rors is only slightly higher than the fixed exposure racks, it is
not a useful method of accelerated weathering.  UV exposures
should be quantified for wavelengths less than 385 nm, rather
than 400 nm as used by IEEE 1262 [6].
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